Deep ultraviolet photoluminescence emission spectroscopy has been employed to probe the layer number dependent near band-edge transitions above 5 eV in multilayer hexagonal boron nitride (h-BN) epilayers grown by metal-organic chemical vapor deposition. Two emission lines near 5.30 and 5.47 eV were resolved at 10 K. These two emission lines share similar spectroscopic features, and their energy peak separation is nearly independent of the number of layers. The observed energy separation of $172 meV coincides well with the in-plane phonon vibration mode, E 2g , having an energy of 1370 cm À1 ($172 meV). The results suggested that the emission line at $5.30 eV and $5.47 eV are a donor-acceptor-pair transition and its one E 2g phonon replica, respectively. When the number of layers decreases from 100 to 8, the emission peak positions (E p ) of both emission lines blueshifted monotonically, indicating the dimensionality effects on the optical properties of h-BN. The layer number dependence of E p can be described by an empirical formula, which accounts for the variations of the energy bandgap and activation energies of impurities with the number of layers. The results revealed that the impurity activation energies and the carrier-phonon coupling strength increase as the dimensionality of h-BN scales from thick layer to monolayer, suggesting that it is more difficult to achieve conductivity control through doping in monolayer or few-layer h-BN than in thick h-BN. Published by AIP Publishing.
Hexagonal boron nitride (h-BN) has been recently under intensive study due to its unique physical properties including a wide energy bandgap ($6.5 eV), layered structure, high optical emission efficiency, high chemical and temperature stability, large in-plane thermal conductivity, as well as large thermal neutron capture cross-section of the isotope boron-10. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] It is a promising material for deep ultraviolet (DUV) optoelectronics devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and neutron detectors. [13] [14] [15] A comprehensive study of the properties of the optical transitions in h-BN epilayers grown under controlled conditions provides not only a better understanding of its optical properties, but also an input for approaches towards the improvement of material quality, elimination of undesired defects or impurities, and conductivity control.
There have been several studies on the optical transitions in h-BN. A series of free exciton (or quasi Frenkel exciton) transitions in h-BN above 5.77 eV has been observed in high crystalline quality bulk crystals of small size, [16] [17] [18] from which a large exciton binding energy (E B % 0.7 eV) has been deduced in agreement with calculation results. [1] [2] [3] 6 More recently, we have also employed photoluminescence (PL) spectroscopy to probe the nature of a widely observed impurity related transition near 4.1 eV as well as the quasi-donoracceptor pair (q-DAP) transition near 5.3 eV in h-BN epilayers synthesized under varying ammonia flow rates. 19, 20 The results inferred that the 4.1 eV and 5.3 eV q-DAP emission lines are due to the transitions between the nitrogen vacancy shallow donors and deep acceptors with energy levels of about 2.3 and 1.1 eV, respectively. 19, 20 However, the layer number dependent optical transitions in few-layer h-BN have not been previously studied.
In this work, a set of h-BN epilayers with the layer number varying from 8 to 100 were grown by metalorganic chemical vapor deposition (MOCVD) on sapphire substrates. The precursors for boron and nitrogen were triethylboron (TEB) and ammonia (NH 3 ), respectively. To calibrate the number of layers of h-BN which is defined as the layer thickness divided by the interlayer distance between h-BN sheets of 3.33 Å , a thick h-BN epilayer of $0.5 lm was grown, and the thickness was directly determined via optical micrograph, from which the growth rate was derived. Based on the pre-determined growth rate, a set of samples with identical growth conditions but varying growth times were grown. AFM image scans over a 2 lm Â 2 lm area revealed that the surface roughness of these h-BN epilayers varied from $0.1 nm to $0.5 nm as the layer number increases from 10 to 100. The PL measurement system utilized in this study includes a frequency-quadruped Ti-sapphire laser providing a lasing wavelength of 197 nm, 76 MHz repetition rate, 100 fs pulse width, and an average optical power of $1 mW, a monochromator (1.3 m), a microchannel plate photomultiplier tube, and a closed-cycle He refrigerator with the temperature range between 10-800 K. Figure 1 shows a low temperature (T ¼ 10 K) PL spectra of the set of h-BN epilayers with varying number of layers grown under identical growth conditions. The samples were placed side-by-side during the PL measurements. As shown in Published by AIP Publishing. 110, 092102-1 shown in Fig. 1 is that both the emission lines exhibit a blue-shift towards higher energies when the number of layers is decreased from 100 to 8. The emission peaks (E p ) have been resolved using a multiple Gaussian fitting function. The evolutions of both emission peaks with the layer number are depicted in Fig. 2 . As seen in Fig. 2(a) , with an increase in the number of layers, both emission peak positions exhibit similar characteristics with an initial rapid decrease in energy followed by a slow decrease, and then eventually settled to constant values. The relationship between E p and the layer number, E p (N), can be well described by the following equation:
where E p (1), E p (N), and E p (1) denote, respectively, the emission peak positions of 1-layer, N-layer, and bulk h-BN, B is a fitting parameter which describes an exponential dependence of E p (N), and the quantity ½E p ð1Þ À E p ð1Þ describes the total amount of energy peak shift as the dimensionality of h-BN scales from bulk to monolayer. Equation (1) reveals that the variation of the energy peak position with the h-BN layer number is a continuous and smooth function. From Eq. (1), the relationship between the observed energy peak position, E p (N), and layer number, N, can be obtained as
Equation (2) indicates that the change in the energy peak position, E p (N), depends on the h-BN layer number (N), which is expected. For instance, the change in E p should be much larger when N is changing from 1 to 2 compared to that when N is changing from 100 to 101. 
The fittings provide the emission peak positions in bulk h-BN, E p (1), of $5.292 and 5.466 eV, at 10 K. Since both emission lines have a relatively broad linewidth (>100 meV) and the peak positions are well below those of the free exciton transition series in bulk h-BN near 5.77 eV, [16] [17] [18] these two emission lines are most likely related to the q-DAP and other impurity-related transitions. However, it is interesting to note that the variations of E p (N) with N for these two emission lines share nearly an identical spectroscopic feature. As shown in Fig. 2(b) , the energy peak position difference between these two emission lines, DE P ¼ E P; 5:47 eV ðNÞ À E P; 5:30 eV ðNÞ % 172 6 3 meV, is independent of N. In h-BN, it is well established that the in-plane phonon with E 2g vibration mode has an energy of 172 meV (1370 cm À1 ). 21, 22 The inset of Fig. 2(b) shows a Raman spectrum of the reference h-BN epilayer grown under identical conditions with a thickness of 0.5 lm. The observed Raman peak at 
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Dr ¼ 1370 cm À1 coincides well with the measured energy peak position difference between the two emission lines of 172 meV. Since this Raman peak is an in-plane mode, its energy depends very weakly on the layer number. It varies only $0.4 meV from bulk to monolayer h-BN. 23 Based on these observations, we believe that one of these emission lines is most likely a phonon replica of the other. The emission line at $5.3 eV has been identified to be a q-DAP transition in both bulk h-BN 4 and thick h-BN epilayers. 20 Therefore we assign the emission lines at $5.30 and 5.47 eV to the q-DAP transition and its one E 2g phonon replica, respectively. It is interesting to note that a recent study has suggested that a transition between hexagonal BN to rhombohedral BN nitride could occur for films deposited on sapphire using CVD at a layer thickness of about 4 nm. 24 However, a separate study conducted on the growth of layered BN grown on sapphire by MOCVD has confirmed conclusively by crosssection STEM image of the stacking sequence of basal planes that the phase of thick BN films ($30 nm) is hexagonal rather than rhombohedral. 25 The observed smooth variation with the layer number of the PL emission peak positions shown in Fig. 2 suggests that an abrupt change in the bandgap of h-BN with varying layer numbers is absent, supporting the fact that MOCVD grown films retain the hexagonal phase as the layer number is increased. 25 It is possible that the observed rhombohedral phase BN is due to the use of different initial nucleation conditions. 24 As shown in Eq. (3), the emission peak at $5.30 eV is blue shifted by $0.21 eV from bulk to monolayer h-BN. However, the calculated energy bandgap, E g , is expected to increase by $1.2 eV from bulk to monolayer h-BN, 3 which is much larger than the observed increase in the energy peak positions of the emission lines. By neglecting the Coulomb interaction between donors and acceptors, the energy peak position of the q-DAP transition can be described as h DAP ¼ E g À E D À E A , where E D and E A are the activation energies of the involved donor and acceptor, respectively. Our experimental results suggest that the values of E D and E A in h-BN also vary with its layer number. The Bohr radius a B of shallow donors in a semiconductor can be expressed as
where h is the Plank constant, and m e is the effective mass of electron in h-BN. The value of E D for nitrogen vacancy (V N ) shallow donors involved in the q-DAP transition at $5.3 eV in thick h-BN epilayers has been experimentally determined to be 99 meV. 19, 20 Using a value of 0.5m 0 (where m 0 denotes the mass of free electron) for the effective mass of electron in h-BN based on experimental 16 and calculation results, 26 we deduce a B % 25 Å in thick h-BN. In h-BN, the interlayer distance between h-BN sheets is 3.33 Å . Thus the wavefunction around the shallow donor covers about 15 layers of h-BN if the total layer number is more than 15. However, for monolayer or few-layer h-BN, the electron wavefunction will be deformed particularly in the direction perpendicular to the plane of h-BN sheet. As a result, when the number of layers of h-BN is decreased from thick to few layers or monolayer, several effects are expected: (1) the in-plane wavefunction overlap between carriers will be enhanced, and (2) the screening will be reduced and will become more anisotropic, especially in the direction of c-axis, as the relative permittivity, e, approaches to 1 for monolayer h-BN. The enhanced in-plane overlap between carriers together with decreased screening will result in an increase of the donor activation energy, E D . In principle, E D will increase by a factor of 4 as the dimensionality of semiconductors scales from bulk to 2D, 27 which means that the estimated activation energy of the shallow donor in monolayer h-BN is 4 times the value in thick h-BN, E D 2D ¼ 4 Â E D 3D ($99 meV) % 0.4 eV. On the other hand, a previous theoretical study has indicated that the energy bandgap E g will increase by $1.2 eV as the dimensionality of h-BN scales from bulk to monolayer, 3 i.e., E g % 6.5 þ 1.2 ¼ 7.7 eV in monolayer h-BN. However, according to Eq. (3), the energy peak position of the q-DAP is 5.506 eV (¼5.292 þ 0.214 eV) in monolayer h-BN. From these data, the activation energy of the deep acceptor involved in the q-DAP transition in monolayer h-BN can thus be deduced via
With the determination of the energy bandgap and the activation energies of the involved shallow donor and deep acceptor, the energy level diagram of the q-DAP transition in monolayer h-BN can be constructed, as shown in Fig. 3(b) . It is interesting to note that for the deep level acceptor involved in the q-DAP transition, its activation energy increases by $1.6 times from 1.1 to 1.8 eV as the dimensionality of h-BN reduces from thick layer to monolayer. The increase is relatively small in comparison with a factor of 4 increase for the involved shallow donor.
Another significant feature exhibited in Fig. 1 is that the intensity ratio of the 5.47 eV emission line to that of the 5.30 eV emission line decreases monotonically with an increase in the layer number. The relative emission intensity between the main zero-phonon peak n ¼ 0 (E p $ 5.30 eV) and the phonon replica peak n ¼ 1 (E p $ 5.47 eV) depends on the carrier-phonon coupling strength, which is expressed by Huang-Rhys factor S. 28 At low temperatures, the emission intensity of the nth phonon replica I n and the main zerophonon emission line I 0 follows the relation of I n ¼ I 0 Â S n n! . 28 For the n ¼ 1 phonon replica emission line In Fig. 4 , we plot the dependence of the Huang-Rhys factor S on the layer number. With an increase in the number of layers, the electron-phonon coupling strength is weakened. In other words, the carrier-phonon interaction in 2D is enhanced over that in 3D semiconductors, one of the wellknown effects of reduced dimensionality in different material systems. In summary, optical transitions related to a DAP recombination in multilayer h-BN have been studied via PL emission spectroscopy. Two emission lines near 5.30 and 5.47 eV were resolved at low temperatures in h-BN of 100 layers. Based on their spectroscopic characteristics as well as the fact that the energy difference between these two peaks ($172 meV) is almost independent of the number of layers, we attributed the emission line near 5.30 eV and 5.47 eV to a DAP transition and its one E 2g phonon replica, respectively. As the dimensionality of h-BN scales from thick layer to monolayer, the emission peak positions blue shifted by $0.21 eV due to the increase of the energy bandgap, activation energies of shallow donors and deep acceptors. Moreover, the carrier-phonon interaction was significantly enhanced in monolayer and fewlayers h-BN over that in thick h-BN. Our results suggest that compared to thick h-BN, it will be more difficult to achieve conductivity control through doping in monolayer or few layers h-BN due to the increases in the activation energies of impurities.
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